the isothermal mixing of a turbulent jet injected perpendicular to a uniform crossflow through several different types of sbarpedged orifices. Jet penetration and mixing was studied using planar Mie scattering to measure time-averaged mixture fraction distributions of circular, square, elliptical, and rectangular orifices of equal geometric area injected into a constant velocity crossflow. Hot-wire anemometry was also used to measure streamwise turbulence intensity distributions at several downstream planes. Mixing effectiveness was determined using (1) a spatial unmixedness parameter based on the variance of the mean jet concentration distributions and (2) by directcomparison of the planar distributions of concentration and of turbulence intensity. No significant difference in mixing performance was observed for the six configurations based on comparison of the mean properties. 
Introduction
Crossflow mixing is employed in many applications. Generally the objective is to rapidly obtain a homogeneous mixture of the injectant and mainstream. The degree and rate of the mixing process is especially important in combustion applications since burning efficiency and exhaust composition directly depend on mass transfer and reaction kinetics. Whereas kinetics are difficult to control, the mixing process is easily affected by any number of parameters and optimization of that process for combustor design has been the topic of several recent investigations 1-19. The use of orifice shape to passively control the mixing process bas been studied in non-reacting and reacting systems, and the ability of non circular, low aspect ratio orifices to augment mixing rates in these systems has been demonstrated 2 G-24. The increased mixing rate is attributed to generation of "scales" which are smaller than those created by round! circular shapes. The result is increased mixing on a molecular scale which increases reaction rate. Most previous studies of noncircular orifices use nozzles to generate inlet boundary conditions with components of axial vorticity. The jet then exhausts into a quiescent surrounding. The present investigation is concerned with injection into a crossflow for use in gas turbine combustors where multijet arrangements would be used for modification of the mainstream. 
Experimental
The mixing experiments were performed in a 5" x 5" horizontal windnmnel with provision for jet injection through one wall as shown in fig. 1 . The air for the crossflow was supplied by a blower attached to the nmnel inlet with an 8" diameter flexible duct The inlet/settling section was 17" x 17" and contained a dense "furnace" filter to distribute the flow, followed by Ii honeycomb and a series of 2 wire-mesh 50% open screens for flow conditioning. The 17" x 17" cross section then contracted on all four sides by a 3rd order polynomial to the 5" x 5" test section. The crossflowlmainstream velocity was set at 21.8 ftls and velocity variation across the test section was less than 5%. Turbulence intensity was 1 %.
Thejetenters thenmnel through asharp-edged (0.125" thick) orifice machined into an interchangeable bottom wall. The other three walls of the test section are 0.125" thick plate glass. The jet flow originates in a 4 " x 4" x 5" plenum attached to the bottom of the test section. The mass flow into the plenum was maintained at 0.00961bmls using a laminar flow element Table identifies the 6 orifice configurations that were tested. Note that configuration C & D and E & F are the same orifice shape rotated 90 deg. The physical area of each orifice was 0.44in 2 • Discharge coefficients (Cd) were measured in a separate apparatus for each orifice plate at the mass flow rate used in the investigation. The Cd of each plate was found to be 0.67 resulting in a bulk jet velocity of 62.5 ftls. The j et-to-mainstreammomentmn-fluxratio(J) was therefore 8.2.
This J was chosen so that the jets would have a trajectory that roughly followed the midpoint of the tunnel and avoid wall contact The Reynolds number of the jet was typically 24000.
Mie scattering was the primary diagnostic used to optically measure jet mixture fraction distributions in planes parallel and perpendicular to the duct axis. In addition to the optical measurements, a series of gas sampling probe measurements were made to provide independent calibration of the Mie scattering distributions. A methane tracer was introduced into the jet fluid and a total hydrocarbon analyzer was used to detect the methane. For those measurements a 0.125" diameter stainless steel probe was mounted on a platform that could be moved both vertically and horizon tally. While the downstream location (x-direction) was positioned manually, a stepper motor moved the probe in 0.125" increments throughout the y-z plane under computer control. A delay of 2 seconds at each station was sufficient to purge the sample line. The on-line total hydrocarbon analyzer continuously measured the methane concentration which was compared with the reference concentration to obtain jet mixture fraction at 1369 data points.
Mean flow velocity in the streamwise direction and the rms value were obtained using a linearized constant temperature hot-wire anemometer. A single wire oriented perpendicular to the mainstream flow was traversed in a fashion similar to the gas sampling probe described in the previous paragraph. Average quantities were recorded at 440 points! plane and turbulence intensity is reported. The probe orientation was not varied, therefore only velocity components in the streamwise direction were measured. Although the probe response was 13kHz, spectra were not recorded.
Results and Discussion
Mean concentration distributions for the six orifice configurations are shown in Fig. 2 The observed trajectory bends more quickly than the prediction, but overall the agreement is good. All of the configurations except C and E are quite similar in trajectory and overall flow features. Configurations C and E are slightly different in trajectory and in the wake region directly behind the jet. These configurations have slower mass addition due to their longer axial length. If the origin of the trajectory curve was moved nearer to the leading edge, instead of at the orifice midpoint, the same trajectory curve would closely approximate all of the configurations.
In order to study mixing performance, end-an views (planar cross sections of the flowfield perpendicular to the mainstream flow direction) were acquired at several downstream locations for each orifice configuration. A series of jet mixture fraction distributions obtained by Mie-scattering are displayed for the circular orifice (configuration A) as a function of downstream position in Fig. 3 . Again a 10 color contour plot is used to represent jet mixture fraction. Pure mainstream fluid outside of the region of jet/mainstream interaction is not plotted (it would be all red) to highlight the mixing region. The box surrounding the distributions represent the duct which confines the jet From this view the development of a pair of counterrotating vortices, characteristic of a jet in cross flow , are observed. Spreading of the jet and a decrease in the maximum concentration are also indicated.
In fig. 4 jet mixture fraction distributions of the configurations shown in Table 1 are compared at 4 downstream positions. The downstream position is indicated on the figure as a non-dimensionalized distance where the axial distance is normalized by the orifice diameter (xJd). For the non-circular orifices the equivalent round orifice diameter is used for normalization. In these plots again only the jet! mainstream mixing region is shown. The primary difference between the distributions is the rate of development of the counterrotating vortices. The development is the most rapid in jet mass fraction configurations C and E, the aligned ellipse and aligned slot, followed by the circle, square, and transvers ellipse and slot. It is surprising that although the development of vorticity appear to be quite different, the overall degree of mainstream entrainment, i.e. mixing performance, appears to be similar in each case. Apparently although low mainstream blockage increases the degree of counterrotating vortici ty, the slower mass addition rate is offsetting. Therefore the net entrainment as a function of downstream distance is equivalent.
The results of the methane tracer analysis are shown in fig . Sfor the first 4 orifice configurations. The plotting is the same as in fig . 4 . Note the spatial resolution is very coarse, but the overall qualities of the flowfield are still apparent. In general the agreement of the two data sets is very good. The ordering of development of vorticity is shown to be the same and the net mixing performance is seen to be quite similar.
In a two-stream mixing problem the fully mixed concentration is defined by the jet-to-mainstream mass flow ratio. A measure of the mixing rate can be obtained by comparing the jet mixture fraction distribution at any downstream plane to the fully mixed value. In ref . PRECEDING PAGE SlANK NOT FILMED
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To further characterize the flowfield and investigate the fluctuating properties, a hot-wire anemometer was used to measure the turbulence intensity in the streamwise direction at several downstream planes for all of the configurations in Table 1 . Turbulence intensity is defmed as the ems velocity/ mean velocity. In fig. 7 the results are presented as contour plots where red represents the highest fluctuations (60%) and black the lowest. The figures represent 2.5" x 2.5" areas centered around the orifice with the bottom of the figure starting at the injection plane (z = 0).
At the first downstream station, which is a plane through the midpoint of the orifice, the highest levels, which are about 20%, are at the interface of the jet and mainstream. Fluctuations in the core regions directly above the jet are low.
The levels and distributions are independent of the configuration. At the trailing edge very high levels are indicated in the wake region for each configuration. Since only a single velocity component was resolved, these measurements are probably biased by intermittency and recirculation in that region. Farther downstream at the 1" and 2" locations the distributions become symmetric about the orifice midpoint and the highest flucuations are now centeredio the pbnoe of the jet. It is surprising that the overall agreement between the configurations ·is so similar. This would indicate that on average each of the configuration generates similar vorticity in the streamwise direction. The result is consistent with the similarity in entrainment rates indicated by the concentration distributions.
Conclusions
• Based on the mean concentration distributions, turbulent mixing was not affected significantly by orifice shape.
• Mean concentration trajectories are similar independent of orifice shape.
• Concentration distributions are similar whether measured by Mie scattering or by probes.
• Measurements of turbulence intensity indicated that the distribution and level of fluctuation was similar for eacb shape.
• More detailed analysis using multicomponenthot-wires to resolve the 3D flowfield are necessary to determine the effect of orifice shape on turbulence length scales. Spectra and cross correlations are necessary. Table 1 QRECEDING PAGE BLANK r OT FILMED
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